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suMMARY

An investigationhasbeenmadeto determineReynoldsnumberand
Machnurcibereffectsuponthebasepressureof a nonliftingogivalbodyof
revolutionovertheReynoldsnumberrangeinwhichwsketrtisitionoccurs.
Thetestscovereda Reynoldsnumberrangeof approximately20,000to
10,000,000anda Machntier rangeof1.62to2.62.Theresultswere
comparedwithpreviousbase-pressuredataandalsowiththequalitative
theoreticalpredictionsof CroccoandLees. Throughouttherealmofwake
transitionthebasepressurewasfoundtovsxywithbothReynoldsnumber
andMachnumberinthesanequalitativemsmnerasgivenby thetheoryof
CroccoandLees.

INTRODUCTION

Theproblemofpredictingbasepressureisoneofprimeimportance
atmoderatesupersonicspeedsinthatbasepressurecanproducea lsrge
portionofthetotaldrag.A numberof studieshavebeenmadeto estab-
lishmethodsforthepredictionofbasepressure.Ofthesestudies,
references1,2,and3 have,perhaps,receivedmostattentioninthat
theypresentsemiempiricalandwhollytheoreticalanalysesofbasepres-
surewhichgivesatisfactoryquantitative(refs.1 and2)andpromising
qualitative(ref.3)resultsandindicatetheflowmechanismstsking
placein.thewake. Themethodspresentedinreferences1 and2 permit
estimationofthebasepressurewhenthebounds.rylayeronthebodyahead
ofthebaseisturbulent.Reference3 presentstheonlyanalysispres-
entlyavailablethatdealswiththepredictionofbasepressureoverthe
entireReynoldsnumberrange,includingthatintiichwsketransition
occurs.

Intheanalysisofreference3,CroccoandIceshavetreatedthe
complexflowatthebaseof a two-dimensionalbodyby useoftheirmixing
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theoryinwhichmixing,Qrthetrensportof.momentumfromtheouter
nearlyisentropicstresmto thedissipativeflowregionofthewake,is
consideredtobe thefundamentalprocessin.determiningthepressurerise w
thatcanbe supportedby theflowwithinthewske. Thepressure-rise
conceptisalsothebasisoftheanalogybetweenbase-pressurephenomena
anda separatedboundarylayerestablishedinreference2 forturbulent
boundarylayers.As ofnowtheCrocco-Leesanalysishasnotbeenevalu-
atedqualitativelyforthemodeloftheir.saalysis(two-dimensionalbase),
buttheanalysishasgivensatisfactoryqualitativepredictionsfor
bodiesofrevolutionofthebase-pressurev&riationwithReynoldsnumber
(basedonmodellength)forlsminar,turbulent,smdtransitionalwakes.
TransitionalwskesandtheReynoldsnumberrangeinwhichwaketransition
occursaretheparticularconcernofthepresentinvestigation..

SomeoftheexperimentaldatashowingReynoldsnumbereffectsupon
basepressureintherealmofwaketransitionhavebeengivenby Chapman,
Bogdonoff,andKavanauinreferences1,k,~, and6.

—
Ata Machnumber

of2.0Chapmanmadetestsovera Reynoldsnumberrangefrom400,000to
10,000,000,whereasat a Machnumberof-2.95BogdonoffvariedtheReynolds
numberfrom600,000to 18,000,000.Bothse% ofdatame inqualitative
agreementwiththeory;thatis,thebasepressurefirstdecreasedrapidly
withincreasingReynoldsnuder largelybecauseoftheincreasingmount
ofturbulentflowwithinthewake,andthen;afterreachinga minimum,

*

beganto increaseslightlybecauseofthefmnnzrdmovementofthetran-
sitionpointuponthebody. Kavanaugaveverificationofthemaximum u
whichexistsinthebasicbase-pressurecurveaspresented’byCroccoand
Leesby testingintheReynoldsnumiberrangefrom45,000to400,000ata
Machnumberof 2.84. TheresultsofKavanau’sstudiesof stinginter--
ferenceandbasepressureatbothintermediateandlowReynoldsnumbers

—

(refs..5ahd6),coupledwiththeCrocco-Leesanalysis,indicatethatthe
maximuminbasepressuredoesnotcorrespondto anentirelylsminsxwake;
rather,transitionbeginstooccurinthewakeata Reynoldsnumberlower
thanthatcorrespondingtothemaximuminbasepressure.AtMachnumbers
of2 and4, andwithReynoldsnumberrangesof159to800and920to
7,400,respectively,Kavanaufoundthatbasepressuresdecreasedwith
decreasingReynoldsnuniberswhenthewakecontainedcompletelyle.minar
flow;thatis,thetransitionpointoccurreddownstreamofthewake
traiiing
Leesfor
werenot

The
studyof
Reynolds

shock. ThistypeofkriationisaspredictedbyCroccoand ——.
completelylsninarflow;however,theassumptionsoftheirtheory
intendedto covertheseextremelylowReynoldsnumbers.

PurposeofthisPaPeriStopresent.theresultsoftiwind-tunml
basepressuresuponnonliftingbodies
numberrangeinwhichwaketransition

transitionisusuallyassociatedwithmissiles
highaltitudes.Forinstance,a projectile10

ofrevolutioninthe
occurs. Therealmofwake —
andairplanesflyingat
feetlongandtraveling *

.
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ata Machnumiberof 2 atsmaltitudeof 35milesmighthaveenteredthe
completelylaminsrwske-flowregimeandmighthaveapproachedthisregime
fromoneof com@etelyturb~’lentwskeflow.Previousbase-pressure

. studieshaveobtaineddataat oneor twoMachnumbersandoverReynolds
numberrangeswhichcoverportionsofthewsketransitionrealm.The
dataofthesestudiescannotbe easilycompsredorextrapolatedinorder
to getquantitativevariationsofbasepressurewithMachnurriberoverthe
fullReynoldsnumberrangeofwsketransitionbecauseofthevsrious
differencesintheinvestigationssuchasmcdelshape,modelsmoothness,
sndairstresmturbulencelevels.Inan attemptto obtainsuchinformation,
thepresenttestswerecarriedoutatMachnumbersfrom1.62to2.62and
overa Reynoldsnumberrangeofapproximately20,000to 10,000,000.
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.APPARA!rus

andAuxiliaryEquipment

TheLangley9-inchsupersonictunnelisa continuous-operation,
closed-circuittypeinwhichthepressure,temperature,andhumidityof .

theenclosedaircanbe regulated.DifferenttestMachnumbersare ,.

providedby interchangeablenozzleblockstihichformtestsectionsapp~oxi-
mately9 inchessquare.Elevenfine-meshturbulence-dampingscreensare
installedintherelativelylsrge-areasettlingchamberaheadofthe —
supersonicnozzle.Theturbulencelevelofthetunnel,basedonthe
turbulence-level-measurementspresentedinreference7, isconsidered =
low. A schlierenopticalsystemisprovidedforqualitativeflow *“
observations.

Thestaticpressurep andthebasepressure~ weremeasuredby *

meansofthreeprecisionpressuregageshavingthepressurerangesO
to 20millimetersmercury,O to 50millimetersmercury,andO to 100milli-
metersmercury,allpressuresbeingabsolu~e.

.—
Pregsuresinexcessof

100millimetersmercuryandallothertestpressureswereobtainedby—
meansofmercurymanometers. - —

Models

A photographofallthemodelsisgiveninfigure1,andinfig-
ure2 a drawingof a typicalmodelisshowntogetherwiththepertinent ‘-”-
dimensionsof allthemodels.Themodels,allofwhicharesimilar,are

.
~mogivalbodiesofrevolutionhavinga finenessratio = of8. Theratio

dof stingdismetertomodeldianeterwasheldconstantat - = 0.4. The
1 D

supportstingshadvarying# ratiosinorderthatinterferenceeffects .
couldbeminimized.A discussionofrelativestingsizeanditseffects
uponbasepressureisgiveninthesectionon sting-supportinterferences.
Base-pressureorificeswereo-btainedby-drillingholesontheperiphery“’“- .-
ofthestingintheplaneofthemodelbas~.Fou&orifices,900apsrt,

.
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weredrilledonthestingsof allmodelsexceptthesmallest,onwhich
onlytwoorifices,diametricallyopposite,weredrilledbecauseof size

. limitations.Basepressureswereobtainedby meansoftubesconnecting
thehollowstingandsupportsystemto thepressuregages.

Themodelswereconstructedof stainlesssteelandvariedinlength
Zm from0.4to 10 inches.Measureddimensionsofthemodelswerewithin
0.003inchofthevaluesspecifiedinfigure2. Theinitialfinishof
themodelsurfaceswasobtainedby standardlathe-machiningandlathe-
polishingprocedures,ad a morehighlyfinishedsurfacewasattained
by polishingwithjewelers’rouge.(Similarpolishinghasbeenfoundin
previousstudiesto givea surfaceroughnessofabout8 rmsmicroinches.)
Modelsurfacesweretouchedupwithjewelers’rougebeforeeachtestto
removeanydullingwhichmsyhavebeenincurredintheprevioustest
becauseofparticlescarriedinthewindstream.Beforetesting,finger-
printsandanyotherforeignmatterwhichmayhavecollectedonthe
modelswereremoved.Theseeffortstomakethemodelsaspolishedand
cleanaspossibleareessentialinobtainingconsistentbase-pressure
data,inasmuchastransitionisknowntobe verysensitivetomodelsur-
faceconditions,anditisuponthedegreeofwsketransitionthatthe
valueofbasepressuredepends.

TESTS

Forthisinvestigationthewindtunnelwasoperatedat stagnation
pressureswhichvariedfrom3 inchesmercuryabsoluteto 4 atmospheres
absoluteandwithstagnationtemperaturesbetween&l”F md 110°F.
Throughouttheteststhedewpointwaskeptsufficientlylowto insure
negligibleeffectsof condensation.Periodicschlierenobservations
weremadeoftheflowpatternto determinewhetheranydisturbanceswere
affectingtheregionofthemodelwakes.Themodelsweremaintainedas
closelyaspossibleata conditionof zeropitchandzeroyawwithrefer-
encetothetunnelsidewallsandcenterline,respectively.

Testswereconductedatthenominaltest-sectionMachnumbers
of 1.62,1.94,2.22,2.41,and2.62. AU modelsweretestedat each
Machnumberwiththeexceptionofthe10-inchmodelwhichwasnottested
attheMachnumiber1.62,becauseitsreflectedbowwaveintersectedthe
wskeatthebaseofthemodelandthuscausedunreliablebase-pressure
readings.

DuringeachtesttheindependentparameterReynoldsnumberwas
vsriedby regulatingthetunnelstagnationpressure,andbase-pressure
dataweretskenforeachmodelfromtheminimumup tothemaximumattain-.
ablestagnationpressure.Thisproceduregavebase-pressurereadings

.
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withinvariousReynoldsnumberrsmges,dependingonmodellength,with
considerableoverlappingoftheReynoldsnumbersforthevariousmodels
sothatscaleeffectscouldbe a-s”certained.Theoverallrangeof
Reynoldsnunibersvariedfromapproximately20,000to 10,000,000;thus,
base-pressuredatawereobtainedovermostofthe,ifnottheentire,
Reynoldsnumberrangeinwhichwaketransitionoccurs.

Pastinvestigationsinsupersonicwindtunnelshaveshownthatthe
scaleoftheflow(Reynoldsnumberperunitlength)mayhavea significant
effectupontheReynoldsnumberatwhichtransitionmovesontoa body.
FortheLsmgley9-inchsupersonictunnel,severalinvestigations(see
ref.8,forexample)indicatethatthistransitionReynoldsnumber
increaseswithincreasingstagnationpress~eby a factorofabouttwo
fortherangeof stagnationpressuresofthisinvestigation.No attempt
ismadeinthisinvestigationto evaluatetheeffectthat
flowmighthaveuponwaketrsmsitionand,therefore,upon
however,someinfluenceonoverallscaleeffectswouldbe

~ATION ANDREDUCTIONOFDATA

TunnelMachNuMberVs5iation

.

.—

scaleofthe
basepressure;
egected.”

Thethicknessoftheboundarylsyeronthewind-tunnelwallsisa
functionofthestagnationpressureandincreasesconsiderablyatthe
lowerstagnationpressures.Correspondingtothisvariationinboundary-
layerthicknessisaneffectivechangeinnozzlecontourthatproduces
a varyingMachnumber,a varyinglossof stagnationpressurebetweenthe
stagnationchsmberandthetestsection,anda chmge intest-section
staticpressurethatresultsfromboththechangeinMachnmiberandthe
lossinstagnationpressure.Becauseofthesensitivenessofbasepres-
suretoMachnumber,effortsweremadeto determinethetrueMachnwiber,
asopposedtothenominaltest-sectionMachnumber,atthatposition
alongthecenterlineofthewindtunnelwherethemodelbasewas

—

located.Inasmuchasthelossof stagnationpressurewasfoundto
—

increaseconsiderablyatthelowerstagnationpressuresandto assume
significantproportions,botha static-pressuresurveyanda pitot-tube

—

surveywereobtainedatthelocationofthemodelbaseovertheentire
rangeof stagxa.tionpressuresandforallnominalMachnumbers.

Thedatarepresentingthevariationoftheratioof staticpres-
sue to stagnationpressurep/pt withstagnationpressurept are
showninfigure3,andthosedatarepresentingthevariationofthe
ratioofpitotpressureto stagnationpressurep ‘tLQt withstagnatio-n

pressurept sreshowninfigure4. From:thesetwopressuresurveys,
theratioofthestaticpressurep tothepitotpressurept’ canbe

—

.
—

.

—
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obtained”foranygiventunnelstagnationpressurept;theseratios

determinethecorrespondingMachnumiberoverthefullrangeof stagnation.
pressures.C!urvesshowingthevsriationofMachnumiberwithstagnation
pressureme giveninfigure5. Ineachofthesefigures(figs.3 to 5)
itisseenthatthelsrgestandmostrapidvariationsoccuratthelow.
stagnationpressures.Ata particularnominalMachnumber,thesefigures
togetherindicatea significantlossof stagnationpressurethroughthe
supersonicnozzleatthelowerstagnationpressuresinthat,contraryto
isentropicconditions,PtyPt decreaseswithdecreasingMachnwnber.

Thetrendsofthecurvesoffigure5 showthatMachnumberdecreases
slowlywithdecreasingstagnationpressureuntil pt equalsapproxi-

mately1/3atmospherewherea rapiddecreaseinMachnumberoccursas
thestagnationpressureisdecreased.AllvaluesofReynoldsnumberand
base-pressurecoefficienthavebeencomputedforthetruetestconditions
asdeterminedby thesesurveys.

Sting-SupportInterference

Inasmuchasthemodelsofthisinvestigationwerestingsupported,
considerationmustbe giventopossiblesting-supporteffectsuponthe
measuredvaluesofbasepressure.Sting-supporteffectsuponthe
measuredvaluesofbasepressurewithregardtobothstinglengthand
stingdismeterarepresentedinreferences1,5,and9. Itwasfound
that,as longastheboundarylayeraheadofthebaseisnotfullytur-t-\

()bulent,thecriticalsting-lengthratio~ (i.e.,theratioabove

whichthebasepressureisnotsignificantlycrtifectedby stinglength)
variesappreciablywithReynoldsnuniber.Kavanau(ref.5) determined

()Zsthevariationof T Cr withReynoldsnumberfora cone-cylinderbody

at a Machnuniberof 2.84.FromKavanau’splot,presentedinfigure6,
itisseenthatintheReynoldsnumberrangefrom45,000to ~,000 the
criticalsting-lengthratioincreasesrapidlyastheReynoldsnumberis
decreased.Inasmuchastheseweretheonlyavailabledataon critical
stinglengthsinapproximatelythessmeMachnumberandReynoldsnumber
rangescoveredinthisinvestigation,thesedataand*rapolationsof
them(dashedportionof curve)wereusedindetainingthe stinglengths
forthemodelsof thepresenttests.Figure7 presentsa curveof

()Zs basedonKAvanau’sdataoffigure6 inwhichthelowesttest
F Cr
Reynoldsnumberforeachmodelwasusedinfindingthenecesssrycritical

. stinglengthaccordingto KWanau’scurve.Figure7 alsoshowsthe
actualratioof stinglengthtomodeldiameterforthemodeltested,and

.
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itisseenthatthisratiohasbeenconservativelychosen,

()

z
beingso~whatlergerthantheratio~ determinedby

cr
curve.
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theratio

Kavanau’s .

—

lnreferent=1 and9 aregivendatashowingthetypicalvariation
ofbase-pressurecoefficientwiththeratioof stingdiametertobase
diameter.Ingeneral,thesedatashowa coTmiderablevariationofbase-

—

pressurecoefficientas d/D variesfrom1 to about0.4andonlya
slightvariationofbase-pressurecoefficientas d/D variesfrom0.4
to o. ThesedataetiendintotheupperReynoldsnumberrangeofweke”
transition.InthelowerReynoldsnumberrangeofwaketransition
Kavanau(ref.5),usingstingswith d/D g~eater~han0.2~foundno
significanteffectsuponbasepressureofstingdiameter,andoforifice

—

location.Inviewoftheforegoingfindingsonsting-diepeterinter- , -=
.

ferenceandalsoofnecessarysting-strengthrequirements,theratioof
stingdiametertobasediameterwasmade0.4. Hence,forthisinvesti-
gationthebasepressureshouldnotbe great-~affectedby sting-diameter
interference. —

PrecisionofData
.

Allmodelsweremaintainedwithin*0.25°of zeroyitchandyawwith G-
Preferencetothetunnelsidewallsandcenterline,”respectively.Past
measurementsoftheflowangularityinthet~el testsectionhave
shownnegligibledeviations.Theindicatedlocationofthemodelbases,
thestaticprobe,andthepitottubewasaccuratewithinfO.010inch.
Themaximumerrorinthebase-andstatic-pressurereadingsrecorded
fromtheprecisionpressuregageswassetat fO.5percentofthefull-
scaledeflection.Theestimatedoverallaccuraciesofthemaintest
vsxiablesareasfollows: —.

Machnumber,M (at1 atmospherestagnationpress e) . . . . M.O
Reynoldsnumber, ‘% iR (yrobableerrorat R =J.x 10 ) . . . ti.01.XIO..
Base-pre”ssurecoefficient,Cp,b ● ● . . . . . . . ● . . . . m.002

RESULTSANDDISCUSSION —

VariationofBasePressureWithReynoldsNumber

Figure8 presentsbase-presswecoefficientas a functionofReynolds
numberforeachmodelatthevariousnominalMachnumbers.Eachdata
pointisbasedon-thetrueMachnumbercorrespondingto theparticul~”- .
tunnelstagnationpressure;hence,thedata-pointsgivethebase-presswe-
coefficientcurvesalongwhichtheMechnumbervaries.However,the d-
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curveswouldbe negligibly
thelowerReynoldsnunibers

9

affectedby thisMachnumberchangeexceptat
foreachcurvewhereMachnumberdecreases

rapidlyastheReynoldsnumberisdecreased.

At thelowReynoldsnmibersectionof someofthecurvesoffigure8,
—

a relativelyrapidincreaseinbase-pressurecoefficientoccurs(an
increaseinabsolutebasepressure)withdecreasingReynoldsnumber.In
orderto examinethisincreaseinbase-pressurecoefficientmoreclosely,
figure9 ispresentedinwhicheachoftheoriginalcurvesoffigure8
havebeenredrawnandgroupedaccordingtonominaltest-sectionMach
number.Theresultsforthedifferentmodelsoverlapeachothercon-
siderablyinReynoldsnunibers,andwiththeexceptionofthelowReynolds
numbersectionofallthecurves,thecurvesof eachmodelareseento
fallreasonablytogethersmdindicateno largeor consistentscaleeffects.
AtthelowReynoldsnumbersectionofthecurveswhichinfigure8
exhibitedtheaforementionedrelativelyrapidincreaseinbase-pressure
coefficientwithdecreasingReynoldsnumber,thereisa tendencyforthis
sectionofthesecurvestoturnawayfromthemainbodyof curves.
Effectsthatmightbe suspectedto contributeto sucha depsr!mrefrom
themeancurveofallthemodelsatthelowReynoldsnumbersof each
modelsrefaultyinstrumentationatlowpressures,sting-lengthinter-

. ference,andrapidMachnumbervariationalongwiththeflowconditions
whichaccompanyit. No faultybehavioroftheinstrumentationat low

. pressurescouldbe found.Inorderto determinewhethersting-length
interferencewaspresent,the1.8-inch-longmodelwasretestedat a
nominalMachnumiberof2.22withitsstinglengthenedabout5 bodydian-
eters.Base-pressurecoefficientsobtainedfromthistestcoincided
withthosefromthesanemodelwiththeoriginalshorterstingandthus
indicatedanabsenceofanysignificsmtsting-lengthinterferenceonthe
results.InthegeneralReynoldsnumberrangewheretheindividual
curvesdepartfromthemeancurve,thebase-pressurecoefficientisnot
verysensitiveto changesinMachnumber,as isshownina subsequent
section.Hence,thisrapidvariationinbase-pressurecoefficientcan-
notbe a directfunctionofMachnumberalone.However,otherflowcon-
ditionsaccompanyinglowtunnelstagnationpressures,whichsresuchas
to lowernozzleperformancesmdspoilconsiderablyan idealizedisen-
tropicflowasdiscussedpreviously,dopresenta possibleexplanation
fortherapidbase-pressureriseas f~dj scaleeffectsalsooffera
possiblebutlessprobableexplsmation.Inasmuchasthedatapointsat
thelowstagnationpressuresdefinitelydifferfromthetrendsofthe
meanpropercurve,theywereeliminatedfromthefinal-plotsforall
modelsexceptthesmallestmodel.Datapointsatthelowstagnation
pressureswereincludedforthesmallestmodelbecausethisnmdelhas
nomeancurveforcomparisonandseemsto givedatawitha morerapid
variationthantheothermodelsatthelowstagnationpressures.

.
Figure10presentsbase-pressure-coefficientdatain cross-plotted

formwithbase-pressurecoefficientasa functionofMachnumberat
.
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variousconstantReynoldsnumibers.AllpossiblemodelsandMachnumbers
areincludedineachReynoldsnumbercurve.Exceptforthesmallest‘--
modelinitslowerReynoldsnumberrangeand_thelargestmodelinits
upperReynoldsnumberrsmge,therewasplentifuloverlappingofpoints
sothatforthemajorityof curvesratheraccuratefairingscouldbe
obtained.Fromthesecurvesfinalplotsofbase-pressurecoefficient
asa functionofReynoldsnumberweremadewiththevaluesofthenominal
test-sectionMachnumbersasparameters.Figure11,which‘presents
thesefinalbase-pressure-coefficientcurve:,givesthefullscopeof
base-pressurevariationwithReynoldsnumberandMachnumberofthe
presentinvestigation.A dividinglinehas-beenindicatedinthefigure
andallpointsto therightof itme consideredessentiallyfreeofany
effectsconnectedwithpossiblepoorflowconditionsorsomeotherlow-
pressurephenomena.Thesectionsofthecurvestotheleftofthe
dividinglinecontaindataonlyfromthesmallestmodelandhavebeen
shownforconsistencyandforpossibletrendsinthevariationofbase-
yressurecoefficient.(Thedataforthesmallestmodelalsoextendwell
intotheregionrightofthedividingline.j_Inasmuchasthesedatato
theleftofthedividinglineareattheloyerstagnationpressuresthey
might,likethedataatthelowerstagnationpressuresofthelarger
models,containsomeundeterminedlow-press~eeffects.However,inas-
muchastheselow-pressuredataforthesmallestmodelseemtobe
affectedmorehighlythanthoseoftheothermodels,additionaleffects
maybe superimposedonthoselow-pressureeffectspresentforallthe
lsrgermodelsat lowstagnationpressures.-First,theReynoldsnumber *
issuchthattheflowisbeginningto entertherealmof slipflow,slip

flowbeginningapproximatelywhen ~> 0,01,andsecond,theratioof.
V%

.

.— .-
.

. .
-
.

..—_ .--
--

.
—

boundary-layerthicknesstobasediameterhasbecomerelativelylarge.
Thus,althoughthisincreaseinbasepressureatthelowestReynolds
numbersisnotinagreementwiththequalitativepredictionsofCrocco .
andLees,it iswelltonotethatneithero-fthese“effectshasbeen
accountedfor inthetheoreticaldevelupmen~ofCroccoandLees;further, .

theReynoldsnumbereffectuponbasepressureforReynoldsnumbersas .

lowastheseisnotcoveredby theirmixingtheory.Onthebasisof
Kavanau’sresultsatmuchlowerReynoldsnumbers(ref.6),a decrease -.
inbase-pressurecoefficientwouldbe expectedwithmuchfurtherdecrease
inReynoldsnumber.Thesectionsofthebase-pressure-coefficientcurves

.

totherightofthedividinglineareinqualitativeagreementwiththe
.

mixingtheoryasgivenby CroccoandLSesandgivea Reynoldsnumber
—.

coverage.ofwsketransitionasthewakeprogressesfromanalmostentirely
laminarwaketo a completelyturbulentwskeatMachnunibersfrom1.62 -.
to2.62.FigureI-2presentsthecurvesof_figurel.1intheformofthe
base-pressureratio ~ p, inasmuchasthe_theoretlcaltyeatmentof -

/ ..—
CroccoandLeesandsomeofthepreviousbase-pressuredatahavebeen

.

sopresented.
3.

.
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VariationofBasePressureWithMachNumber

FromtheconstantReynoldsnumbercurvesof figure10,definite
trendsofthevariationofbase-pressurecoefficientwithMachnumber
canbe observed.At thehigherReynoldsnumberswherethewakeflowis
largelyifnotcompletelyturbulent,thebase-pressurecoefficient
increasesrapidlyastheMachnumberincreases.IntheReynoldsnumber
regionofabout1CX3,000wherethewakeisalmostcompletelylaminar,the
base-pressurecoefficientvariesonlyslightlywithMachnumiber.These
effectsaresomewhatanalogousto theMachnumbereffectsuponskin-
frictioncoefficient,which,likebase-pressurecoefficient,dependson
theviscousconditionoftheflow. Theconditionoftheboundarylayer
onthesurfaceofa bodydeterminestheskin-frictioncoefficientwhereas
theconditionofthewakeflowdeterminesthebase-pressurecoefficient.
EachofthesecoefficientsvariesonlyslightlywithMachnumberwhen
itsrespectiveflowconditionis laminsr,=d variesappreciablywith
Machnumberwhenitsrespectiveflowconditionisturbulent.Allthe
Reynoldsnumbercurvesbelowa Reynoldsnwber oftheorderof50,000,
dependentuponMachnumberas indicatedinfigure11,mayincludesome
undeterminedlow-pressureeffectsandhavebeenincludedforconsistency
andto showpossibletrendswhichmightoccurintherealmof completely
laminarwslseflowor almostso.

Figure13presentscurvesofbase-pressurecoefficientasa function
ofMachnumber.Thelowercurverepresentsa compilationofbothfree-
flightandwind-tunneldatapresentedinreferences1 and2 andgives
base-pressurecoefficientsfora fullyestablishedturbulentboundary
layeronthebody. Inasmuchas a fullyestablishedturbulentboundary
layerwasnotquitereachedforallMachnumbersofthepresentinvesti-
gation,theuppercurve,whichgivestheminimumbase-pressurecoef-
ficientsreachedateachMachnumber,ispresentedforcomparison.The
differencebetweenthetwocurvesisconsistentwiththeusualincrease
inbase-pressurecoefficientoccurringinthisMachnumberrangeas
transitionmovesfromthewakeontotherearofthebodyanda fully
developedturbulentboundarylayeroccursontheresrofthebody.

FigureI-2indicatesthattheabsolutepressureatthebasedecreases
withincreasingMachnumberata constantReynoldsnumberintheregions
ofwhollylsminarandwhollyturbulentwakeflow. Thisdecreaseisthe
resultoftheabilityofa higherflowvelocityto scavengea greater
portionoftheairbehindthebaseandto itsabilityto sustaininthis
Machnumberrangea greaterrecompressionthroughthewaketrailing
shock.IntheintermediateReynoldsnumberrangefromabout500,000
to 3,0~,000wherethewakecontainsbothturbulentandlaminsrflow,
theabsolutebasepressurevariesonlyslightlywithMachnumberat
constantReynoldsnumbers.AlthoughhigherMachnuniberswouldstill
havegreaterscavengingability,thereis,apparently,inthisinter-
mediateReynoldsnumberrange>a chsngewithMachnumberintherateat



12 NACATN 3942

.

whichtransitionmovesforwsrdinthewakewithincreasingReynolds
numberthattends.to nullifytheformereffects.Figure12alsoshows
thatthedifferenceinReynoldsnumberbetweenthatcorrespondingto the .

maximuminthebase-pressurecurvestotherightofthedividinglfnemd ...
thatcorrespondingtothekneeinthe curvesat thehighReynoldsnumbers
(afullyturbulentwake)decreasesasMachnumberincreases.Thisobser-
vationmayleadtotheconclusionthatthetotalrangeofReynoldsnumber
overwhichwaketransitionoccursdecreaseswithincreasingMachnurrber.
However,substantiationofthisconclusionmustawaitfurtherexperi-
mentalevidence;for,althoughthekneeinthecurvesatthehighReynolds
numbersisa validindicationoftheendofwaketransition,thebeginning
ofwaketransitiondoesnotcoincidewiththe~imum inthecurvesbut
occursat somelower,butasyetundetermined,Reynoldsnumber.

GeneralBase-PressurePhenomena

Thecomplexflowaboutthebaseofa two-dimensionalbodyhasbeen
analyzedby CroccoandLees(ref.3)j inasmuchasthedataofthepresent
investigationshowthesametrendswhichtheyhavepredictedtheoretically,
theanalysisseemstobe applicableto an~isymmetricbodyinproviding
qualitativepredictionsalongwiththeproperphysicalconcepts.The
theoryisfoundedonthepremisethatviscousmixinginthewakeflowis

.

a dominantfactorindeterminingbasepress~e. Hence,Reynoldsnuniber
andMachnumberaremainparametersinbase-pressurestudiesanddeter-
minethegeneralconditionofthewske,thatis,howmuchofthewakeis

—

laminarandhowmuchisturbulent.AlsodependentonReynoldsnumber
andMachnumberisthebounda”y-layerthicknessatthebaseofthebody,
andthecombinationofboundsry-layerthicl.uiessatthebase,baseheight,
andtheamountofviscousmixingdeterminesthebasepressure.

Theschematicdrawingofthetestmodelshowninfigure14points
outsomeoftheflowregimeswhichconcernbase-pressurestudies.A
singularityoccursinthebasicdifferentialequationofwakeflowsas
givenby CroccoandLeesandindicatesthata certaincriticalpoint
existsat a positionintheregionofthenarrowesipartofthewakeat
aboutthesameplacewherethetrailingshockoriginates.Thispoint
hasthecharacteristicthatdisturbancesproducedinthewakedownstream
ofthispointarenotableto affectthebasepressure.Thispoint
f-luctuatesup anddownthewakeastheReynoldsnumberischangedand
thusindicatesthenecessaryvariationincriticalstinglengthasprevi-
ouslydiscussed.Theconditionoftheflowintheregiondesignatedas
thecriticalwakeregiontogetherwiththethicknessoftheboundary
layeratthebaseofthebodydeterminesthebasepressure. —

As seeninfigure12,thetypicalbase-pressurecurvecontainsa
maximumanda minimum.Proceedingwiththisfigurefromlowtohigh *

“
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Reynoldsnumber,waketransitionaffectseachbase-pressurecurveinthe
followingmanner:Theunderlyingconsiderationisthatthegreaterthe. viscousmixingactionoccurringinthewskethemorehigh-speedflow .
whichcanbe envelopedinthecriticalwakeregion,andhencea greater
pressurerisethroughthetrailingshockcanbe supportedby thewake
flowandresultsina lowerbasepressure.Atfirstthewakeis all or

nesrlyalllsminarand,astheReynoldsnuniberis increased,theeffect
isto decreasethelaminar-mixingcoefficientandto decreasetheboundsry-
layerthicknessat thebase,eachconditionhavingan oppositeeffecton
basepressure.However,thedecreaseinlsminarmixingistheover-
poweringfactorand,therefore,thebasepressureincreaseswith
increasingReynoldsnumber.As theReynoldsnumberisfurtherincreased,
transitionhascreptfarenoughintothecriticalwakeregionsothatthe‘
turbulentpartofthewake(turbulentflowhaving5 to 10timesthe
mixingrateoflaninarflow)counteractsthecontinuallypoorermixing
ofthelsminarpartad eventuallycausesa netincreaseinthetotal
mixingactionof thewake. Hence,a maximuminbasepressureisreached,
followedby a continuedfallinbasepressureastransitionmovesup-
streaminthewakeandtheturbulentnixingincreases.A decressein
basepressurecontinuesuntilwsketransitionoccursJustat thebase.
NowastheReynoldsnumberisfurtherincreasedtheviscousmixingwithin
thewakeisnotsignificantlyincreasedandthethicknessoftheboun~y
layeratthebasebecomesan importantfactorinthedeterminationof
basepressure.Astransitionmovesforwsrdontothebody,theinitial
effectisto causea thickeningoftheboundarylayeratthebase;hence,
theminimuminbasepressureisfollowedby a risein“basepressure.The
Reynoldsnumberrangeofthepresenttestsmovesthetransitionpoint
thisfarupstream,thatis,thehighestReynoldsnumbersgivea condition
of completelyturbulentwakeflowanda turbulentboundsrylayeronthe
body. It isknOWCLfrompreviousstudies(ref.2,forexsm@e)thatonce
a fullydevelopedturbulentboundarylayerexistsonthebody,thechange
inbasepressurewithReyuoldsnumberissmall.

ComparisonWithPreviousData

Figure15 comparesbase-pressuredataobtainedintherangeofwake
transitioninpastinvestigationswithdataofthepresenttests.All
thesepastinvestigationsweremadewithcone-cylinderbodiesofrevo-
lutionas opposedtotheogivalmodelsofthepresenttests.Inaddi-
tion,thefinenessratioswereconsiderablylessthan8, ~pman using
a finenessratioof5 andBogdonoffandKavanau,a finenessratioof3.4.
Thesedifferencesintestconditionstogetherwithdifferencesinany
factorstowhichwaketransitionissensitive,inparticulsxdifferences
inairstreamturbulencelevels,makeitdifficultto obtaina meaningful
quantitativecomparison.Alltheprevioustestcurvessreseentobe
shiftedto theleftofthepresenttestcurves,a largepartofthe
shiftprobablybeingduetothedifferencesinfinenessratio,bodyshape,

.—
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and
the
the

.

turbulencelevels.InkeepingwiththejMachnumbervariationsof
msximumandtheminimumbase-pressureratiosofthepresenttests,

— .:

curvesfromprevioustestsfallratherwellintotheirproperlevels .

ofmagnitude.Thisgeneraltrendwouldappearto indicatethattheMach
—

numberandthestaticpressurejustaheadofthebaseofthevariously
shapedmodelsweresufficientlycloseto free-streamvaluesthatmodel

—

shapedidnotgreatlysffecttherelativevaluesofmaximumandminimum
base-pressure”ratioasattainedthroughwaketransition.

CONCLUDINGREMARKS

An investigationhasbeenmadetodeterninetheeffectsofMach
numberandReynoldsnumberuponthebasepre=sureofanogivalbodyof

_

revolutionovertheReynoldsnuaiberrange@ whichwaketransitionoccurs.
TheMachnumbervariedfrom1.62to2.62andtheReynoldsnumberrange -,
ofthetestswasapproximately20,000to 10.,000,000basedonbodylength. ‘-

Thevariationofbase-pressurecoefficientwithReynoldsnuniberand
Machnumberwasfoundto agreequalitativelywiththeoreticalpredicti~ns

=

ofCroccoandLees. Inparticular,theReylmldsnumberrangeinvestigated . -
carriedtheabsolutebasepressurefroma maximumwhichcorrespondsto an
almostcompletelylaminarwaketo a minimumwhichcorrespondsto a com-

,.

pletelyturbulentwake. Thebase-pressurecoefficientwas”foundtovmy
appreciablywithMachnumberwhenthewskecontainedmostlyturbulent

—

flowandwasfoundto varyonlyslightlywithMachnuniberwhenthewake
—

containedmostlylsminsrflow. —

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,November15,~56.

I
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